Sd(a-
approaches were used to identify and characterize B4GALNT2 variants in nine Sd(a−) individuals. Homozygosity for rs7224888:T > C dominated the cohort (n = 6) and causes p.Cys466Arg, which targets a highly conserved residue located in the enzymatically active domain and is judged deleterious to β4GalNAc-T2. Its allele frequency was 0.10-0.12 in different cohorts. A Sd(a−) compound heterozygote combined rs7224888:T > C with a splice-site mutation, rs72835417:G > A, predicted to alter splicing and occurred at a frequency of 0.11-0.12. Another compound heterozygote had two rare nonsynonymous variants, rs148441237:A > G (p.Gln436Arg) and rs61743617:C > T (p.Arg523Trp), in trans. One sample displayed no differences compared to Sd(a+). When investigating linkage disequilibrium between B4GALNT2 variants, we noted a 32-kb block spanning intron 9 to the intergenic region downstream of B4GALNT2. This block includes RP11-708H21. 4 , a long non-coding RNA recently reported to promote tumorigenesis and poor prognosis in colon cancer. The expression patterns of B4GALNT2 and RP11-708H21.4 correlated extremely well in > 1000 cancer cell lines. In summary, we identified a connection between variants of the cancer-associated B4GALNT2 gene and Sd a , thereby establishing a new blood group system and opening up for the possibility to predict Sd(a+) and Sd(a-) phenotypes by genotyping.
Introduction
The Sd a (also known as Sid) histo-blood group antigen was described in 1967 and Sd(a+) was reported as a high-frequency red blood cell (RBC) phenotype [1, 2] . Whilst~90% of individuals tested were Sd(a+), 96% had Sd a substance in secretions [3, 4] . Thus, 4% are truly Sd(a−), and can make anti-Sd a . Dialyzed urine from humans or guinea pigs is used diagnostically in reference laboratories to neutralize anti-Sd a in plasma [3] .
The chemical basis of this enigmatic antigen was defined as GalNAcβ1-4(NeuAcα2-3)Galβ, a terminal trisaccharide on ganglioside or RBC glycoproteins [5] , or on Tamm-Horsfall glycoprotein in urine [6] . The latter prevents adherence of pathogenic bacteria to urothelial cells [3] . Already in 1996 a cDNA fragment with the partial sequence of a putative Sd a -synthesizing enzyme was isolated [7] . In 2003, two groups independently cloned and characterized the gene, B4GALNT2 at 17q21.32, encoding β-1,4-N-acetylgalactosaminyltransferase (β4GalNAc-T2) able to synthesize the terminal β1-4GalNAc linkage in Sd a [8, 9] . However, this gene does not seem to be expressed in erythroid cells [10] but in analogy with Lewis blood group glycolipids, small amounts of Sd a are found in human serum [4] . In addition, a Sd was described already in 1987 [11] . Both Lewis [3] and Sd a [3, 12] antigens are progressively lost from human RBCs during pregnancy. Lewis antigens are mainly produced in gastrointestinal cells but adsorbed onto RBCs from plasma [3] . Sd a -active glycans are also made in the gastrointestinal tract [13] , where they may interfere with E.coli binding [14] . Interestingly, Sd a inhibits invasion of malaria parasites into RBCs [15] , and B4GALNT2 was recently identified as the key inhibitory factor for avian influenza A [16] . Furthermore, Sd a has been proposed as a tumor marker [17] , may be involved in ovine fecundity [18] and constitutes part of the porcine xenotransplantation barrier [19] . The antigen and underlying glycosyltransferase were comprehensively reviewed in 2014 [20] . Despite all these clinically important implications, human Sd a deficiency has remained genetically unexplained, thereby preventing formation of a new blood group system as defined by the International Society of Blood Transfusion (ISBT). We aimed to resolve the genetic basis underlying the Sd(a−) phenotype, hypothesizing that alterations in B4GALNT2 would be found, which could enable genotyping for prediction of Sd(a+) and Sd(a−) phenotypes.
Materials and methods

Samples
Anonymized samples of blood-(n = 6) or plasma-derived (n = 3) DNA were obtained from Sd(a−) individuals with anti-Sd a character- 
Amplification and sequencing of B4GALNT2
DNA was prepared from whole blood with a simple salting-out method [21] , or (for the Thai screening cohort) with QIAsymphony DSP DNA Mini Kit from QIAGEN (Venlo, Netherlands). DNA from plasma samples was also extracted with QIAsymphony but using the DSP virus/ pathogen Midi Kit from QIAGEN according to the manufacturer's instructions. Amplification was done as previously described [22] using Expand high-fidelity PCR system (Roche, Basel, Switzerland), with some modifications. In brief, 40.5-100 ng DNA was added to a 20 μL reaction mix of 0.2 U Taq polymerase, 6.7 pmol of each primer (Table  S1 ) and 2 nmol dNTP mix. Reactions in 35 thermal cycles (after 3 min, 95°C): 95°C (20 s), 58°C (30 s), 72°C (40 s or 3 min, depending on amplicon size). Amplicons were purified in 3% agarose gel and extracted in nuclease free H 2 O with gel extraction kits QIAquick (QIAGEN) and GeneJET (Thermo Scientific, Vilnius, Lithuania). Sanger sequencing was executed by Eurofins Genomics (Ebersberg, Germany), or in house as previously described [22] with primers stated in Table  S1 .
Allelic discrimination assay
Allelic discrimination (AD) was performed for genetic variant screening of Swedish and Thai blood donor cohorts. TaqMan SNP genotyping assays C_25755236_10 and C_25757464_10 (Thermo Fisher Scientific, Waltham, MA, USA) were performed as follows: DNA (20 ng) was used in a reaction volume of 10 μL according to the manufacturer's protocol. The reaction was run on a QuantStudio 3 Real-Time PCR instrument and the results analyzed in QuantStudio design and analysis software c1.4.1 (Thermo Fisher Scientific).
Compilation of variants in B4GALNT2
The dataset with genomes from 2504 individuals from the 1000 Genomes Project phase 3 [23] was downloaded and variants for the B4GALNT2 gene were imported and processed in the Erythrogene database [24] . A total of 1886 variants were found in the region 10 kb upstream to 10 kb downstream from the long transcript (ENST00000300404). All variants predicted to alter the amino acid sequence with a frequency of at least 0.05% were selected for further analysis. This included eighteen missense variants, four splice region variants and one stop-gaining variant. Two larger structural variants affecting the coding parts of B4GALNT2 were found among the structural variants in the 1000 Genomes dataset [25] . A 5829 bp duplication encompassing exon 1 (esv3640734) was found in three individuals in the East Asian superpopulation, and a 2676 bp deletion containing the entire exon 6 was detected in two individuals from the same superpopulation. However, due to their rarity and the unpredictable effects of these two variants, and because of previously identified shortcomings in regards to structural variants in this dataset [24] , these were not included in Table S2 . Variant effect predictor results for PolyPhen-2 [26] and SIFT [27] were extracted from Ensembl release 95 [28] . Variants for B4GALNT2 were downloaded from the gnomAD database v2.1.1 [29] (gnomad.broadinstitute.org) and variant frequencies were extracted. No additional variants, with a frequency ≥0.1% and predicted to alter the amino acid sequence, were detected. Variant frequencies from the SweGen Variant Frequency Dataset [30] (swefreq. nbis.se) were manually extracted from the online graphical browser and included in Table S2 .
Protein structure modelling
We searched the RCSB Protein Data Bank [31] (rcsb.org) for the term "B4GALNT2" but found no matches. Instead, a theoretical model was generated using the protein structure homology-modelling server SWISS-MODEL [32] resulting in a model based on chondroitin polymerase from E. coli (PDB ID: 2Z87) [33] established by X-ray diffraction as template. The resulting structure covers amino acids 319-524 of the long isoform of β4GalNAc-T2 (NP_703147) and has 20.1% identity with the template protein. This section of the enzyme is part of the Cterminal globular catalytic domain and contains the DXD motif and the amino acids affected by our three variants of interest. Finally, the model was visualized in NGL viewer v2.0.0 (nglviewer.org) [34] .
Protein sequence homology
To evaluate the level of conservation in β4GalNAc-T2 in the region affected by rs7224888 (p.Cys466Arg), a Protein BLAST search [35] was performed in the reference protein database (refseq_protein) using the UniProt ID for the enzyme (Q8NHY0) as search parameter. The search was restricted to the region around rs7224888 (amino acids 451-481) and excluded models (XM/XP), non-redundant RefSeq proteins (WP) and uncultured/environmental sample sequences. The result showed thirteen sequences from eleven species producing significant alignments, after multiple isoforms of the same protein had been excluded. had been deprecated in later versions. Linkage disequilibrium for rs7224888 in all populations in the 1000 Genomes Project [23] was calculated using the LDproxy module in LDLink (ldlink.nci.nih.gov) [36] . The resulting dataset, containing all variants ± 500 kb of rs7224888 with a pairwise R 2 value greater than 0.01, was downloaded and variants were classified using the gene coordinates. A splice-site prediction tool, Human splicing finder (www.umd.be/HSF3/), was used to predict the effects of rs72835417, the SNP found close to the splicesite in the 5′-end of intron 8 [37] .
Linkage disequilibrium and splice-site prediction
Gene expression patterns in cell lines
Gene expression levels for 56,202 genes in 1019 cell lines as determined by RNA sequencing were downloaded from the Cancer Cell Line Encyclopedia (CCLE) (version 20180929) provided by the Broad Institute (portals.broadinstitute.org/ccle) [38] . The Pearson correlation coefficients (r) between mRNA levels for B4GALNT2 and all other genes were calculated in R v3.5.3. The ten genes with the most similar expression patterns, i.e. highest correlation coefficients, were extracted and compiled in Table S5 .
Results and discussion
All B4GALNT2 exons (Fig. 1A) and~2 kb upstream of the 5′-end were sequenced or analyzed by allelic discrimination assays in nine Sd (a−) individuals. Four SNPs of interest were identified (Fig. 1B) . Strikingly, six Sd(a−) individuals were homozygous for a missense mutation, rs7224888 (c.1396T > C) in exon 10, causing p.Cys466Arg (Fig. 1C) . One individual was heterozygous for rs7224888 and a splicesite mutation, rs72835417 (c.1134+5G > A) in intron 8. Another compound heterozygote harbored missense mutations in exons 10 (rs148441237, c.1307A > G, p.Gln436Arg) and 11 (rs61743617, c.1567C > T, p.Arg523Trp). In line with bioinformatic data, allelespecific amplification and sequencing confirmed these latter SNPs to be carried on different alleles. Finally, a single Sd(a−) sample did not deviate from consensus and remains unresolved for future study when regulatory elements have been characterized.
The SNPs rs7224888, rs148441237 and rs61743617 all lead to unorthodox protein changes involving the large and positively charged residue arginine in a region, C-terminal of the DXD motif, that typically interacts with substrate molecules in a glycosyltransferase [40] . A 3D-model of β4GalNAc-T2 ( Fig. 2A) was developed to estimate the approximate location of affected residues (Fig. 2B) . The p.Cys466 moiety is evolutionarily well-conserved (Fig. 3) , which indicates its importance for enzymatic function [40] . A synonymous SNP in exon 11, rs16946912 (c.1590A > G), frequently accompanies rs7224888 with a linkage disequilibrium (LD) of R 2 = 0.90. To examine this haplotype further, we analyzed the LD with all surrounding SNPs (Fig. 4A ) and found a~32-kb block spanning intron 9 to the intergenic region downstream of B4GALNT2. Importantly, no other SNPs in this haplotypic block cause protein changes. The other Sd(a−)-associated variants encountered, rs148441237 and rs61743617, are rare in all populations while rs7224888 occurs at 10.6-12% in Europeans (Table S2) , which could explain why it dominates this Sd(a−) study. Its allele frequency in Swedish donors (n = 200) was 10% (Table S3) , which agrees well with European datasets. However, compared to the previously predicted null-allele frequency at the (then unknown) Sd a -responsible locus (19.7%) [4, 41] , these three missense mutations do not explain all Sd(a−) cases, even if limited sensitivity of Sd a detection historically may have resulted in an 2. The 3D protein structure of β-1,4 -Nacetylgalactosaminyltransferase 2, based on homology modelling of the crystal structure of chondroitin synthase from E. coli, using SWISS-MODEL [32] .
(A) The model consists of amino acids 319-524 in the catalytic domain and is colored by residue number from red in the N-terminal via yellow to blue in the C-terminal. The protein is predicted to form a dimer, as is common for glycosyltransferases.
(B) A close-up view of the structure detailing the locations of the DXD motif and the three SNPs of interest in relation to the Sd(a−) phenotype.
Fig. 3. The rs7224888 is located in a highly conserved region among different species.
Homologous proteins with significant amino acid alignments based on Protein BLAST of amino acids 451-481. Sequence identity represents similarity with human β-1,4-N-acetylgalactosaminyltransferase 2 (top row) in the analyzed region. Start refers to the position of the first amino acid shown on each line. The red frame shows the amino acid altered by rs7224888 (p.Cys466Arg), and the corresponding amino acids in the related proteins. Light blue, middle blue, and dark blue boxes symbolize identity between 9 and 10, 11-12, or all 13 of the compared sequences, respectively. The figure shows that a highly homologous region can be found in β-1,4-N-acetylgalactosaminyltransferase 1 in many species, and that the cysteine at position 466, as well as many surrounding residues, is conserved in all proteins. overestimated frequency. Our fourth finding, the splice-site mutation in intron 8 (rs72835417), occurred in 11% of Swedish donors' alleles (Table S3) , comparing well to 11-12% in European cohorts (Table S2) . Hence, it could potentially make up for the "missing" percentage of null alleles but given their similar frequencies, we would have expected a more balanced contribution of rs7224888 and rs72835417 towards the genetic background of Sd(a−). Instead, we observed an imbalance between rs7224888 (13 alleles) and rs72835417 (one allele) among nine Sd(a−) samples. Importantly, rs7224888 and rs72835417 constituted 14 of 18 B4GALNT2 alleles in the Sd(a−) group whilst none of the eleven serologically phenotyped Sd(a+) control donors were homozygous for either allele, nor compound heterozygous (Table S3 ). The frequency of Sd(a−) in Sweden is unknown but screening of 200 random Swedish blood donors resulted in a total of 7.5% predicted Sd (a−) donors, i.e. 2% rs7224888 homozygotes, 1.5% rs72835417 and 4% compound heterozygotes (Table S3) , which is somewhat higher than observed phenotypically in other Europeans [3, 4] . In silico analysis of similar (+5G > A) splice-site alterations, predicts probable effects on splicing but further experimental work to verify this is required. Skipping of exon 8 would alter the reading frame, generating a β4GalNAc-T2 with truncated catalytic domain (p.Asn316GlyfsTer6). It can be speculated that some transcripts may escape loss of exon 8 and that homozygosity for rs72835417 could lead to very weak Sd a expression and preclude production of anti-Sd a , which was a selection criterium for this study. Due to the distance between rs7224888 and rs72835417 we were unable to confirm that these SNPs occur on different chromosomes in our compound heterozygous case. However, in-house screening and the 1000G dataset support that they are not linked but occur separately in the vast majority of cases. To our knowledge, the Sd(a−) frequency has not been established outside of Europe, although a relatively high frequency of individuals with elevated Sd a expression was reported among Thai donors [42] . This is interesting since this phenotype has been reported to inhibit malaria invasion [15] . We therefore examined SNP frequencies among Thai donors and found them low for both rs7224888 (3.3%) and rs72835417 (0.5%) with no predicted Sd(a−) donors (Table S4 ). In general, it is thought-provoking to note the unusually high variation in SNP frequency between the 1000G superpopulations, e.g. 2.2% in East Asians vs. 20% in South Asians and Africans for rs7224888 (Table S2) . Given the reported cancer association for Sd a , we also investigated co-expression patterns between B4GALNT2 and > 56,000 transcripts in the cancer cell line encyclopedia (CCLE) and found RP11-708H21.4 to correlate exceptionally well (Table S5) . Interestingly, this long noncoding (lnc) RNA is located just downstream of B4GALNT2 (Fig. 4B) on the sense strand, and was recently reported to predict poor prognosis of colorectal cancer and promote tumorigenesis in a study unrelated to Sd a [43] . Loss of Sd a has been reported in colon cancer [7, 13] 
